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ABSTRACT
Atrazine (2-chloro-4-[ethylamino]-6-[isopropylamino-]-2-triazine), a triazine 
herbicide, was introduced in 1958 and by the 1970s had become the most widely 
used herbicide in the Chesapeake Bay watershed. The increased use of atrazine 
coincided with a decline in the abundance and distribution of Zostera marina L. 
(eelgrass), a dominant submerged aquatic macrophyte in the polyhaline portions of 
the bay. Groundwater surveys have found atrazine concentrations potentially high 
enough to impact eelgrass growth and survival.
An exposure system was designed and built to test the effects of atrazine in 
simulated groundwater discharges on the growth and productivity of field sampled 
eelgrass. A 20 day and a 40 day study were conducted using this system, with 
atrazine concentrations ranging from 0.0 to 2.5mg/L. No significant differences in 
total chlorophyll content, chlorophyll a:b ratios, growth or survival were detected.
Two static root-rhizome exposure experiments were conducted to verify the 
results of the simulated groundwater dosing experiments. Atrazine concentrations 
were increased by an order of magnitude, approaching the solubility limits of atrazine 
in water. Again, neither mortality nor significant differences in plant growth were 
detected. A static, whole plant exposure experiment was conducted, and mortality 
was observed at atrazine concentrations of 1.9mg/L and above.
These results suggest that eelgrass is not susceptible to atrazine through root- 
rhizome uptake, and that atrazine exposure via groundwater was not a factor 
contributing to the declines in eelgrass abundance and distribution observed in the 
1970s.
INTRODUCTION
Zostera marina L., eelgrass, is the dominant species of submerged aquatic 
vegetation (SAV) in the polyhaline regions of the Chesapeake Bay (Orth and Nowak 
1990). SAV are ecologically significant species as they are important generators of 
primary and secondary production (den Hartog 1970, Harlin 1975, Orth 1977,
Thayer et al. 1975) and serve as a major source of detritus (Fenchell 1977,
Kenworthy et al. 1982, Thayer and Phillips 1977). SAV meadows are feeding and 
nursery grounds for a number of commercially important species (Heck and Thomas 
1984, Weinstein and Brooks 1983, Orth et al. 1984). The leaf canopies provide 
habitat and shelter for a variety of fishes and invertebrates, while the leaf blades serve 
as substrate for epiphytic organisms (Howard and Short 1986, Heck and Thomas 
1984) and may be the only suitable habitat for some species of algae and bacteria 
(Harlin 1973). The leaves of submerged macrophytes reduce currents and increase 
sedimentation of inorganic and organic particles, improving water quality and 
supporting extensive benthic communities (Fonseca et al. 1982, Fonseca and Fisher 
1986). The root-rhizome systems of SAV aid in sediment stabilization (Kenworthy et 
al. 1982). The creation of an oxygenated rhizosphere increases the depth of the oxic- 
anoxic interface, increasing nutrient cycling and providing habitat for many species of 
benthic invertebrates (Pregnall et al. 1984, Thayer and Phillips 1977, Stoner 1980).
The current abundance and distribution of submerged macrophyte communities 
in the Chesapeake Bay are near their lowest levels in recorded history. In the early 
1960s SAV was very common in the bay, with extensive beds throughout the upper, 
middle and lower portions of the bay. In the late 1960s and early 1970s, a decline in 
SAV abundance was noted in the upper and middle portions of the bay and by the
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mid-1970s, populations in the lower bay had also began to decline. By the 1980s 
only relatively small vegetated pockets remained, spread out along the length of the 
bay (Orth and Moore 1983, Orth and Moore 1984). While some recovery has taken 
place, SAV populations in the lower portions of the bay remain small and scattered in 
comparison to historical levels.
Many studies were conducted beginning in the 1970s to determine the cause of 
the SAV decline then occurring in the Chesapeake Bay. Deterioration of water 
quality, temperature changes and the foraging activity of cownose rays have been 
suggested as factors which may have contributed to the decline (Thayer et al. 1975, 
Orth 1976, Orth and Moore 1984). Studies were also conducted to examine the 
effects of contamination from agricultural runoff on submerged macrophytes (Forney 
and Davis 1981, Correll and Wu 1982, Jones and Winchell 1984). None of these 
studies, however, indicated a major impact on SAV growth and survival.
The decline of SAV in the 1970s coincided with the introduction of no-till 
agricultural practices and its concomitant increase in herbicide use. No-till farming 
has become a popular alternative to traditional farming methods in the last few 
decades, because it reduces the amount of fertilizers needed, while also decreasing 
surface runoff (Isensee et al. 1990). Although lesser amounts of fertilizers are 
needed on fields worked by no-till methods, more are leached into the groundwater 
due to reduced runoff and increased water infiltration of the sediments. No-till 
agriculture also requires the use of greater amounts of pesticides and herbicides, 
which are leached into the groundwater in higher concentrations than under traditional 
methods (Isensee et al. 1988, Isensee et al. 1990, Stevenson and Staver 1990).
The Southeast and Gulf Coasts have the highest estimated pesticide usage in the 
United States. Herbicides, on average, account for more than 70% of the pesticide 
use in the nation's estuarine drainage areas, and com and soybean production are
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responsible for most of the herbicide use in the country (Pait et al. 1989). Both com 
and soybeans are major crops in the Chesapeake Bay drainage basin. The herbicides 
most commonly used in this region are atrazine, alachlor and metolachlor (Pait et al. 
1989, Roeser 1988). Of these, atrazine is detected the most frequently and in the 
highest concentrations in both surface and groundwater (Isensee et al. 1988, Isensee 
et al. 1990, Jones and Estes 1984, Poinke et al. 1988).
Atrazine, [2-chloro-4-(ethylamino)-6-(isopropylamino)-5-triazine] a triazine 
herbicide (Figure 1), was introduced in the late 1950s ( Ashton and Crafts 1973, 
Jones and Winchell 1984) and by the 1970s had become one of the most widely used 
herbicides in the Chesapeake Bay watershed and is commonly used throughout the 
country and around the world (Jones and Winchell 1984, Jones et al. 1986, 
Cunningham et al. 1984). Used as a pre- and post-emergent herbicide for control of 
broad leaf weeds in com fields and with other resistant crops, atrazine functions as a 
photosynthetic inhibitor, blocking the Hill reaction in Photosystem II, reducing CO2 
fixation, photosynthesis and oxygen production. At low levels, atrazine may 
stimulate oxygen production, but this is often offset by a concurrent increase in 
respiration. The effects of triazine herbicides on leaf chlorophyll contort and 
chlorophyll ratios varies with concentration. Low levels of atrazine increase total leaf 
chlorophyll, intermediate doses have no effect and high level doses cause chlorosis 
(Ashton and Crafts 1973, Shimabukuro 1967, Negi et al. 1964). Other effects of 
atrazine on nonresistant plants include: 1) reductions in glucose, fructose and 
sucrose, 2) reductions in the rates of transpiration and translocation of nutrients, and 
3) alterations of nitrogen metabolism, varying with plant species. All of these effects, 
however, are linked to the inhibition of photosynthesis and the inability of the plant to 
fix CO2 (Ashton and Crafts 1973).
Studies of terrestrial plants have detected three distinct pathways for the
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Figure 1: Diagramatic representation of a molecule of Atrazine.
4
HAtrazine
2-chloro-4-(ethylammo)-6-(isopropylamino-)-s-triazine
detoxification of atrazine. Hydroxylation of atrazine to hydroxyatrazine occurs via a 
catalytic reaction involving the cyclic hydroxamate, 2,4-dihydroxy-3-keto-7- 
methoxy-l,4-benzoxazine (benzoxazinone), which is found in varying concentrations 
in both resistant and nonresistant plants. N-Dealkylation of atrazine may occur at 
either the ethylamine side chain or the isopropylamine side chain through 
enzymatically controlled reactions (Shimabukuro 1967). Glutathione conjugation to 
form a nonphytotoxic GS-atrazine may also occur (Shimabukuro et al. 1970). Of 
these reactions, hydoxylation and glutathione conjugation appear to be the most 
effective because their end products are nonphytotoxic. The end products of N- 
dealkylation reactions retain some toxic characteristics and require additional 
oxidation reactions to become completely detoxified. Hydroxylation rates in both 
resistant and nonresistant plants are directly correlated with benzoxazine 
concentrations (Ashton and Crafts 1973) and the roots appear to be the major site for 
the formation of hydroxyatrazine (Shimabukuro et al. 1970). Glutathione 
conjugation is seen only in the leaves of highly resistant plants, like com, and is most 
likely the primary mode of detoxification of atrazine from foliar applications 
(Shimabukuro et al. 1970). Atrazine dealkylation has been observed in resistant and 
nonresistant plants with rates independent of resistance levels (Ashton and Crafts 
1973, Shimabukuro 1967).
A plant's susceptibility to atrazine appears to be a function of it's ability to 
detoxify atrazine and the rates of atrazine uptake, translocation to photosynthetic 
centers, and accumulation. (Negi et al. 1964, Ashton and Crafts 1973). Uptake of 
atrazine by both leaves and roots is concentration dependent, after an initial period of 
rapid, non-concentration dependent, uptake (Walker and Featherstone 1973, Ashton 
and Crafts 1973). Once absorbed by the roots, atrazine is readily translocated 
through the xylem; transport is increased with increased rates of transpiration.
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Triazines may be translocated through both the apoplastic and symplastic systems, 
with apoplastic being the major route (Ashton and Crafts 1973). Accumulation of 
atrazine in nonphotosynthetic centers, such as roots or lysigenous glands, may also 
work as a protective mechanism (Nengi et al. 1964, Ashton and Crafts 1973). The 
effects of atrazine on terrestrial plants varies with the level of plant resistance.
The effects of triazine herbicides on submerged aquatic macrophytes has not 
been as well documented as for terrestrial plants. Terrestrial plants have a waxy 
cuticle protecting their leaves from water loss and primarily uptake triazine herbicides 
through their roots. The leaves of submerged macrophytes, however, have a 
reduced or no leaf cuticle and primarily uptake triazines through their leaves (Ashton 
and Crafts 1973, Forney and Davis 1981, Cohn 1985). For this reason the majority 
of studies concerned with the effects of triazine herbicides on SAV have examined 
effects through leaf dosing.
SAV do not appear to be resistant to atrazine and studies indicate that Zostera 
marina, as well as a variety of other submerged aquatics, is negatively effected by 
high concentrations of atrazine in the water column (Correll and Wu 1982, Delistraty 
and Hershner 1984, Cunningham et al. 1984, Jones et al. 1986). Short exposures to 
atrazine, on the order of 2 hours to 4 days, can cause significant reductions in SAV 
photosynthesis (Jones and Winchell 1984, Jones et al. 1986). Plants exposed for 
longer periods, 3 to 6 weeks, exhibit reduced and altered growth patterns, and 
decreased production (Cunningham et al. 1984). The concentration inhibiting 50% of 
photosynthesis, I5Q, for SAV has been reported in the range of 50-150 pg atrazine/L 
with 87% photosynthetic inhibition at concentrations of 650 pg/L (Forney and Davis 
1981, Correll and Wu 1982, Cunningham et al. 1984, Delistraty and Hershner 1984, 
Jones and Estes 1984, Jones and Winchell 1984, Jones et al. 1986). Long term 
exposures, 5 or more weeks, of SAV to atrazine concentrations as low as 5-10 pg/L
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have been demonstrated to have a negative impact on plant growth and productivity 
(Forney and Davis 1981, Jones and Winchell 1984, Jones et al. 1986).
The effects of atrazine toxicity do not always appear to be permanent 
Specimens of Potamogeton perfoliatus exposed to atrazine for short periods and 
then rinsed clean returned to 75% of maximum photosynthetic potential in under 3 
hours. Plants exposed to higher concentrations, lOOpg/L or more, or for longer 
periods of time, however, do not show complete recovery, even 77 hours after being 
thoroughly rinsed. This indicates that some atrazine may be irreversibly bound to 
plant tissues (Cunningham et al. 1984, Jones et al. 1986).
The preceding data are from studies dealing with water column contamination of 
atrazine. A large fraction of the atrazine entering the estuarine water column is sorbed 
to sediments washed from fields during runoff events. Experiments indicate that 
atrazine sorbed to sediment particles is relatively unavailable for leaf uptake (Jones 
and Estes 1984).
Few studies have examined the effects of triazine herbicides on aquatic plants 
through root-rhizome uptake. These studies indicate that atrazine is absorbed and 
translocated by root-rhizomes to leaves (Forney and Davis 1981, Funderburk and 
Lawrence 1963, Jones et al. 1986) and that the rates of uptake and translocation by 
the root-rhizome systems of aquatic plants vary greatly with the species studied 
(Ashton and Crafts 1973). Mortality due to root-rhizome dosing was not observed 
in these studies, however, the experimental designs used may have caused significant 
errors in the determination of actual dosing levels. The majority of these studies 
involved exposure of root-rhizome systems to a single dose of atrazine sorbed 
sediments. As noted earlier, atrazine sorbed to sediments is unavailable for plant 
uptake. The partitioning ratios for atrazine with sediments have been reported in the 
range of 1-5, and may be as high as 500 in highly organic sediments (Jones and Estes 
1984), meaning that the effective dosing (amount of bioavailable atrazine) in these
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experiments was most likely considerably lower than the reported dosing 
concentrations. In addition, the uptake of atrazine by the root-rhizome systems, as 
well as the leaves, is concentration dependent, therefore, the concentration of 
bioavailable atrazine would be decreasing during the experiment due to plant uptake 
and sorption to organic matter in the sediments. This would cause reductions in the 
rate of plant uptake over time. Other experiments employed a split chamber design to 
separate the root-rhizomes systems from the leaves (Forney and Davis 1981). These 
chambers utilized rubber stoppers or parafilm diaphragms, both substances which 
readily absorb large amounts of atrazine (Topp and Smith 1992). The atrazine 
concentrations reported from these experiments were the nominal doses at the start of 
the experiment, actual final dosing levels were not monitored or determined.
Sorption of atrazine by the stoppers and diaphragm material as well as by the 
sediments could have greatly reduced the concentrations of bioavailable atrazine in 
these experiments.
To date, no studies have examined the effects of atrazine in submarine 
groundwater discharge on SAV as is proposed in this study. A study of this nature 
has the potential to provide more accurate dosing of the root-rhizome systems by 
producing a steady state dosing system. A groundwater dosing study will also help 
to answer questions regarding the growing concern of groundwater contamination 
and its potential effects on SAV.
Contamination of groundwater with pesticides and herbicides is becoming a 
problem of national concern (Isensee et al. 1988). Triazine herbicides, including 
atrazine, are relatively mobile in soil and are commonly detected in groundwater 
around agricultural areas (Isensee et al. 1988, Jones and Estes 1984, Poinke et al. 
1988). Atrazine is the most commonly detected herbicide in groundwater in 
Maryland and Pennsylvania, with concentrations on the order of 1 to 10 pg/L
8
(Isensee et al. 1988, Isensee et al. 1990). Submarine groundwater discharge (SGD) 
to surface water bodies by transport across the sediment-water interface and its effects 
on marine benthic communities are also becoming more well known. The outputs of 
pesticides, herbicides and nutrients from groundwater to surface water bodies is a 
subject of intense current research. The majority of SGD occurs within 100m of the 
shore (Johannes 1980), and this is the area where SAV commonly occur in greatest 
densities.
Groundwater contaminated with nitrates from agricultural and residential 
leaching has been noted to have a significant effect on eelgrass and macroalgae (Maier 
and Pregnall 1990, Lillie and Barko 1990). Nitrates in groundwater along with 
subsurface discharges of freshwater can also have an effect on the distribution and 
abundance of a variety of benthic invertebrates (Williams and Simmons 1990). The 
detection of high levels of herbicides in groundwater (Isensee et al 1988, Isensee 
1990, Neugebaur et al 1990, Poinke et al 1988) coupled with evidence of 
concentration dependent uptake and translocation of triazine herbicides by the root- 
rhizome systems of SAV (Funderburk and Lawrence 1963, Jones et al 1986) raises 
the question of what effects herbicide contamination of groundwater may have on 
SAV. Since the increase in atrazine use coincided with a decline in eelgrass 
abundance in the Chesapeake Bay, and since it is the most commonly detected 
herbicide in groundwater, its effects on this species through SGD are of great 
interest
The objectives of this study were to determine the effects of atrazine in 
submarine groundwater discharge on the growth and production of eelgrass. This 
was accomplished in a greenhouse using a simulated groundwater dosing system and 
static dosing experiments. Plant growth and biomass were monitored. The 
chlorophyll content and chlorophyll a to chlorophyll b ratios of eelgrass leaves were
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also monitored as an indicator of photosynthetic stress. It was hypothesized, from 
the information available in the literature, that concentrations of atrazine at or above 
O.lmg/L in groundwater might have a negative impact on eelgrass growth and 
production. Leaf chlorophyll content and chlorophyll ratios were expected to be 
effected by atrazine contaminated groundwater, with responses similar to those 
reported in the literature for terrestrial plants exposed to atrazine.
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METHODS
The effects of atrazine in submarine groundwater discharge on the growth and 
production of Zostera marina (eelgrass) were examined in two sets of experiments 
run in a seagrass greenhouse equipped with a flow through seawater system. The 
first consisted of long-term, simulated groundwater exposure studies, using low 
dosing levels, designed to reproduce field conditions and test for both acute and 
chronic atrazine effects. The second set of experiments involved short term, static 
root-rhizome exposure studies employing higher dosing levels performed to 
determine an L.D. 50 value for root-rhizome uptake of atrazine. A short term, whole 
plant exposure experiment was conducted to test the validity of the limited data in the 
literature concerning the susceptibility of eelgrass to atrazine and to compare the 
effects of leaf versus root-rhizome exposure to atrazine on eelgrass growth and 
production. Pumping experiments were also conducted to determine the effectiveness 
of the simulated groundwater dosing system.
Plants and sediments used in these experiments were collected from a stable, 
healthy seagrass bed located near the mouth of Sarah's creek on the York River, 
Virginia (Figure 2). The grassbed is adjacent to an upland area containing a 
residential summer community and approximately 23 acres of unfarmed fields with 
two full-time residences. This location suggests that the plants in the grassbed are not 
effected by agricultural chemicals in either surface runoff or in groundwater from the 
nearshore uplands.
PREPARATION OF STOCK AND TREATMENT SOLUTIONS
The nominal treatment concentrations for the simulated groundwater exposure 
experiments were 1.0, 0.1, 0.05, and 0.01 mg atrazine/L filtered river water. These
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Figure 2: Map showing the Chesapeake Bay and the lower portion of the York
River. Number 1 indicates the general location of the seagrass bed from 
which plants were collected. Number 2 indicates the approximate 
location of the VIMS seagrass greenhouse.
1 2
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were produced by dilution of stock solutions into 15L of York River water, which 
was filtered through two swimming pool sand filters and a 10pm mesh bag filter. A 
concentrated (lg  atrazine/L methanol) stock solution was used to prepare the 1.0 and 
the 0.1 mg atrazine/L dosing solutions and a dilute (O.lg atrazine/L methanol) stock 
solution was used to produce the 0.05 and 0.01 mg atrazine/L dosing solutions. The 
concentrated stock solution was prepared by weighing out 0.25g Technical Grade 
atrazine (97.2% purity), supplied by the manufacturer, Ciba-Geigy, and dissolving in 
250ml of methanol. The dilute stock was prepared by diluting 10ml of the 
concentrated stock to 100ml of methanol. Methanol was used as a primary solvent 
for the atrazine due to the higher solubility of atrazine in methanol than in water, and 
all treatments, including the control, were adjusted to 1ml methanol/L.
Nominal treatment levels for the static exposure experiments (root-rhizome and 
whole plant) ranged from 0.01 to 20.0 mg atrazine/L and were achieved through 
dilution of stock solutions in deionized water and Instant Ocean mixed to current 
York River salinities as measured at the greenhouse. A highly concentrated stock 
solution (5g/L methanol) was prepared by weighing 0.50g atrazine and dissolving in 
100 ml methanol. A l.Og atrazine/L methanol stock solution was prepared by 
diluting 20ml of the highly concentrated stock to 100ml, and a 0. lg atrazine/L 
methanol stock was prepared by diluting 10ml of the l.Og/L stock to 100ml.
CHEMICAL ANALYSIS OF WATER SAMPLES
Gas Chromatographic Analysis
Atrazine concentrations of the water samples from simulated groundwater 
exposure experiments were quantified by liquid-liquid extraction of 100ml samples 
into 30 mis of methylene chloride (by 3, 10ml extractions of 2 minutes each). The
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combined extract was reduced by roto-evaporation and N2 blowdown and then 
solvent exchanged into benzene. The resulting samples were then injected into a 
Varian 3700 Gas Chromatograph with a 30m J. and W. DB-5 fused silica column 
with an inside diameter of 0.32mm and a film thickness of 0.25pm and analyzed 
with a thermionic specific detector (VTMS 1990). Terbutylazine was used as an 
internal standard.
Spectrophotometric Analysis
The concentrations of atrazine in water samples from the static exposure 
experiments and the second pumping experiment were quantified by the G.C. method 
described above and by spectrophotometric analysis. Spectrophotometric analysis 
required less time for sample preparation and reduced loss of atrazine from the high 
concentration samples during blowdown and solvent exchange.
10 ml subsamples of each water sample were syringe filtered through 
combusted Whatman GF/F filters with a pore size of 0.7pm. Atrazine concentration 
of the subsamples was determined spectrophotometrically on a Spectronic 1001 
spectrophotometer reading UV absorbance at 221nm. This wavelength was selected 
after running a peak search on a solution of atrazine in deionized water and 
determining that interfering absorbance from filtered river water dropped off at 
220nm. Calibration curves were run on samples ranging in concentration from 20.0 
to 0.01 mg atrazine/L filtered river water. The working range of the 
spectrophotometer was determined to be between 0.05 and 10.0 mg/L.
SIMULATED GROUNDWATER EXPOSURE EXPERIMENTS
The long-term groundwater simulation experiments employed a groundwater 
exposure system located in a greenhouse facility at the Virginia Institute of Marine
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Science, Gloucester Point, VA. This system consisted of 40 glass exposure pots 
arranged in a randomized block pattern in a large holding tank with flowing, filtered 
York River water under conditions of ambient temperature and salinity (Figure 3).
The exposure pots were modified, 1 quart, straight-sided glass jars. Holes were 
drilled in the center of the bottoms of the jars and 1/4 inch diameter brass bulkhead 
fittings were inserted into the holes. These were tightened and sealed with silicone 
sealant on the outside of the jar only (Figure 4). Simulated groundwater flow, 
containing dissolved atrazine solutions of known concentrations pumped from glass 
reservoir carboys, was produced by four MasterFlex multi-channel peristaltic pumps, 
each with 10 pumpheads. C-Flex pump tubing from Cole-Parmer Inc. was used as it 
sorbed less atrazine in a 24 hour sorption test than other pump tubings tested (silicone 
and tygon) and was recommended for continual use at low flow rates (personal 
communication, Cole-Parmer technical support). Each pot was connected to a 
pumphead, via teflon tubing swage locked to the brass bulkhead fittings, insuring that 
the flow rates were consistent in all 40 pots and remained constant throughout the 
experiments. Flow for each pumphead was set at 0.6ml/min providing a seepage 
velocity at the sediment surface of each pot of 0.16 x 10“^  cm/sec, which is 
consistent with estuarine seepage rates (Lee 1977). This system was tested by 
pumping a dye solution though several pots packed with beach sand sieved through a 
1mm mesh screen. Flow appeared even throughout the sediments.
Dosing solutions were prepared in 20L glass carboys, used as treatment 
reservoirs, by dilution of stock solutions in York River water filtered through two 
swimming pool sand filters and a 10pm bag filter. Stock solutions were prepared at 
the start of each experiment as described earlier. New dosing solutions were 
prepared every other day. Water samples were collected from the treatment reservoirs 
and holding tank daily and stored in a refrigerator for analysis of atrazine
1 5
Figure 3: Schematic of the holding tank, showing the arrangement of the exposure 
pots in blocks with their associated pumps. The approximate volume of 
the holding tank is 1,800 L, with dimensions of 250cm x 120cm x 60cm.
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Figure 4: Schematic depicting the design of one of the exposure pots used in the
simulated groundwater dosing experiments.
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concentration using the G.C. method. Water temperature was monitored using a 
thermometer.
Summer Experiment
A preliminary experiment using the simulated groundwater exposure system 
was conducted in the summer of 1991. Plants and sediments for this experiment 
were collected 2.5 weeks prior to the start of the experiment, by removing plugs of 
plants and sediments to an approximate depth of 20cm, insuring that the majority of 
the root-rhizome systems were recovered intact (Wetzel 1981). The plants were 
gently rinsed free of sediments in a floating sieve, and placed in buckets of river 
water for transport to the greenhouse. Sediments from the grassbed were collected 
and also placed in buckets for transfer.
At the greenhouse the plants were placed in a large tank with flowing, filtered 
York River water until use. The sediments were sieved through 1mm mesh 
screening, to remove large benthic infauna and create a homogeneous mixture to 
insure even flow, and packed into the exposure pots. Mature, non-reproductive 
eelgrass shoots were selected and physically standardized by removing all but the 
youngest 3 leaves and 5 rhizome segments. Lateral shoots and dead leaf sheaths 
were removed. The selected plants were planted to an approximate depth of 10 cm. 
Each pot contained 10 plants, which simulated field densities of 1500 shoots m'^ 
(Orth and Moore 1986). The pots were set in the holding tank, which was supplied 
with filtered, flowing York River water, for two weeks to acclimate. Sixty pots were 
prepared in this manner.
At the start of the experiment, forty pots, each with 10 healthy plants, were 
selected and randomly assigned to the treatments. Four treatment levels and a control 
were used. The nominal treatment concentrations were 1.0, 0.1, 0.05, and 0.01 mg 
atrazine/L filtered river water, achieved by dilution of stock solutions with 15L of
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filtered York River water.
After two weeks, 20 pots, four from each treatment level, were sampled.
Plants were gently rinsed from the sediments under a stream of filtered York River 
water, placed in sealed bags containing filtered river water and kept on ice until 
analysis. Three plants from each pot were randomly selected to be analyzed for total 
chlorophyll content and chlorophyll a to chlorophyll b ratio. Chlorophyll analysis 
of 2 cm segments of the second youngest leaf tips was performed within 12 hours of 
sampling by grinding and extracting in acetone and reading spectrophotometrically 
(Dennison 1990c) with a Milton Roy Spectronic 1001 spectrophotometer. Only leaf 
tips were used, in order to avoid variations in pigment ratios which occur throughout 
the length of eelgrass leaves, with a decline in the ratio of chlorophyll a to 
chlorophyll b moving from the leaf tip to the base (Thayer et al. 1984). Tissue from 
the second youngest leaf was selected for analysis in this experiment, because it was 
comprised of young plant tissue present at the start of the experiment, therefore 
effects due to atrazine contamination should be more pronounced in this more actively 
growing leaf.
Following chlorophyll analysis, the number of shoots per pot and the numbers 
of leaves and rhizome segments per shoot were recorded. Shoots were separated into 
above ground and below ground biomass, and placed in preweighed aluminum pans 
and dried at 55 °C for 1 week and weighed. They were then combusted at 500°C for 
8 hours and ash weights and ash free dry weights were determined.
At the end of the exposure experiment, a pumping test of the exposure system 
was performed to confirm that atrazine solutions from the storage carboys were 
delivered to the dosing pots and across the sediment water interface without 
significant changes in solute concentrations. Three exposure pots were prepared with 
sieved sediments and attached to the pumping system. A l.Omg atrazine/L filtered
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solution was prepared and pumped through the system. After two days, the jars were 
capped with teflon lined lids fitted with brass bulkhead fittings and teflon tubing so 
that the outflow could be collected. Water samples were collected from each jar and 
analyzed for atrazine content by G.C.. Water samples were also collected from the 
tubing lines prior to reaching the dosing pots to determine if atrazine was being 
absorbed by the tubing.
Fall Experiment
A second dosing study was conducted in the fall of 1991. The experimental 
design for this study was similar to that used in the summer experiment, with the 
same nominal treatments, produced by dilutions of newly prepared stock solutions. 
Actual plant growth, as well as total biomass and plant chlorophyll, was measured by 
root-rhizome standardization and leaf marking (Dennison 1990a, Dennison 1990b, 
Zieman 1974). Leaves were punctured with a small hypodermic needle 1cm above 
the basal leaf men stem and growth was defined as the distance that the scar produced 
by the needle puncture moved in reference to the basal meristem. Sampling in this 
experiment was done after 20 days and at the end of the 40 day experiment, with the 
following parameters being measured; 1) chlorophyll content and chlorophyll a.b 
ratios were determined within 12 hours of plant sampling. 2) the number of shoots 
per pot and the numbers of leaves and rhizome segments per shoot were counted. 3) 
new biomass and old biomass of both the leaves and the root-rhizome systems was 
determined. Root-rhizome new and old biomass were separated by removing the 
oldest (farthest from the leaf cluster) five rhizome segments to which the plants were 
standardized at the start of the experiment. Any remaining rhizome segments, located 
above the original five segments were considered new biomass. For the leaves, leaf
2 0
biomass, tissue below the scars and above the meristem, and young leaves without 
scars were considered new biomass. 4) leaf areas and leaf and root-rhizome dry, ash 
and ash free dry weights were determined.
The ratio of new biomass to old biomass was calculated, providing a specific 
biomass ratio. This ratio is an indicator of plant growth and can be used to determine 
differences between treatments. By relating the amount of new biomass to previously 
existing plant material, the specific biomass ratio eliminates differences in new 
biomass weights caused by variations in individual plant size. Growth rates can also 
be calculated from this data, but are not needed to determine treatment effects, and 
would not be directly comparable to the growth rates reported in the literature for 
plants grown in the field, due to the removal of plant tissue during the standardization 
process.
A second pumping experiment was conducted in the laboratory to determine the 
time for breakthrough of atrazine at full dosing strength through the sediments, and to 
determine if the atrazine was coming through in solution or in suspension, possibly 
sorbed to small organic or mineral particles.
A 1 .Omg atrazine/L dosing solution was prepared by appropriate dilution of 
the concentrated stock solution with filtered river water. Three pots were packed with 
sieved sediments, collected from the grassbed, to approximately 3cm below the top 
rim, providing a sediment column approximately 12 cm high. Flow rate was set at 
0.6ml/min and water samples were collected by pipette from the top of each pot after 
the first 12 hours and then every 4 hours for another 36 hours. Water samples were 
then analyzed using the spectrophotometric method described earlier.
STATIC ROOT-RHIZOME EXPOSURE EXPERIMENTS
The static root-rhizome exposure experiments employed individual split
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chamber exposure systems. These were comprised of 125ml glass erlenmeyer flasks 
fitted with holed and split rubber stoppers through which a plant could be placed 
without causing tissue damage (Figure 5). The stoppers were soaked for two days in 
dosing solutions with atrazine concentrations equal to those used in the experiment, to 
insure that they would not absorb atrazine out of the dosing chambers, thereby 
changing their concentrations. Plants were collected as in the previous experiments 
and standardized to the 3 youngest leaves and 5 youngest rhizome segments. Only 
plants with apparently healthy, intact roots were used. Plants were carefully placed 
into the stoppers and set so that the newest forming rhizome node was at the bottom 
edge of the stopper. The flasks were filled with dosing solutions and stoppers, with 
plants, were carefully put in place to avoid forming an air space in the flask. Silicone 
vacuum grease was used to seal the outside of the stoppers and around the plants.
The plants were marked with a hypodermic needle and placed in the holding tank.
In the first experiment, the nominal treatment levels were 20.0, 10.0, 1.0,0.1 
and 0.01 mg atrazine/L. Two controls were used, a methanol control, containing the 
same amount of methanol as the atrazine treatments and a control without methanol. 
To avoid the potential problems of atrazine sorbing onto organic particles in river 
water, artificial river water was used. This consisted of deionized water and Instant 
Ocean prepared to a salinity of 14ppt, which was the measured salinity at the 
greenhouse 4 days before the experiment, when the solutions were prepared. The 
artificial river water was then filtered though a glass fiber filter to remove particulate 
CaC03 present from incomplete dissolution of the Instant Ocean.
Ten flasks, each with one plant, were prepared for each of the 7 treatments. 
These were then immersed at random locations in the holding tank, supplied with 
constantly flowing and aerated, filtered York River water.
The experiment was run for 15 days, after which all plants were removed.
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Figure 5: Diagram depicting one of the split chamber root-rhizome exposure flasks 
used in the static root-rhizome exposure experiments. The flasks were 
submerged in the holding tank, supplied with constantly flowing, filtered 
York River water at ambient conditions.
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Water samples from each flask were collected for analysis of atrazine concentration 
by both the G.C. and spectrophotometric methods used in the previous experiments. 
Plant biomass and growth responses were determined using the leaf marking and 
rhizome standardization techniques as in the fall groundwater simulation exposure 
experiment.
A second static root-rhizome exposure experiment was conducted for 
experimental replication. Three treatment levels and a methanol control were used, 
with nominal concentrations of 10.0, 1.0, and 0.1 mg atrazine/L. Seven flasks were 
prepared per treatment. All other procedures were performed as described for the 
previous experiment.
STATIC WHOLE PLANT EXPOSURE EXPERIMENT
A whole plant exposure experiment was conducted to compare the effects of 
root-rhizome and leaf exposure to atrazine. Plants for this experiment were collected 
and standardized as in the previous experiments. Atrazine dosing solutions were 
prepared in artificial river water comprised of deionized water and Instant Ocean 
mixed to a salinity of 16ppt which corresponded to in  situ  York River water salinity 
as measured at the greenhouse. Whole plants, including shoots and root-rhizome 
systems, were marked for growth analysis and placed in 1 quart glass jars with foil 
lined lids. Five plants were placed in each jar. CO2 levels in the jars should have 
remained fairly constant due to the bicarbonate buffering system of seawater. O2 for 
plant respiratory demands should have been supplied by an initial aeration of the 
dosing solutions, by shaking them in 4L glass bottles immediately prior to pouring 
them into the exposure jars and adding the plants, followed by O2 production by the 
plants during the course of the experiment
Seven treatments were prepared with 3 jars per treatment. Nominal dosing
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levels were 20.0, 10.0, 1.0,0.1 and 0.01 mg atrazine/L with a methanol and an 
Instant Ocean control. The exposure jars were randomly arranged in the holding tank 
and the experiment was run for ten days, after which the plants were removed for 
analysis. Water samples from each jar were collected for analysis of atrazine content 
Leaves and rhizome segments per shoot were counted, plant biomass and growth 
response were determined by the marked growth techniques used in the previous 
exposure studies. Atrazine concentrations were quantified using the 
spectrophotometer as described earlier.
STATISTICAL ANALYSIS
The differences between plant total chlorophyll, chlorophyll ratios, plant growth 
and plant production from the experiments were tested for significance using a One- 
Way Analysis of Variance (ANOVA), with an alpha of 0.05. Significant differences 
between treatments were considered to exist at p-values less than or equal to 0.05. 
The Scheffe F-test was used to determine significance between individual treatments 
when there was a significant p-value. Bartlett's test for the homogeneity of variance 
was run to insure that the data met the requirements of the ANOVA.
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RESU L T S
Summer Experiment:
The effects of atrazine in the simulated submarine groundwater discharge on the 
chlorophyll content and on the chlorophyll a to chlorophyll b ratios in eelgrass 
observed in the summer experiment are shown in Figure 6. The mean measured 
dosing concentrations determined by G.C. analysis of water samples collected from 
the treatment reservoirs throughout the course of the experiment are used in the 
figure. No significant differences between treatments were found in either total 
chlorophyll content (p = 0.74) or in chlorophyll ratios (p = 0.20). Total chlorophyll 
is reported in mg/dm^ and was measured from the the second youngest leaf tip of 
each plant in order to standardize the ages of the leaf segments analyzed. The 
chlorophyll ratio is a dimensionless value. Figure 7 presents the response of plant 
biomass to atrazine contamination of groundwater based upon the above ground to 
below ground biomass ratio calculated from the dry weights. This simple biomass 
ratio was used to determine plant biomass response by examining the allocation of 
plant resources to leaf and root-rhizome growth, and to quantify leaf loss and plant 
mortality. As with the chlorophyll measurements, no significant differences are seen 
between treatments (p = 0.81). Biomass ratios calculated using ash weights and ash 
free dry weights provide similar results. The mean numbers of plant/pot, 
leaves/shoot and rhizome segments/shoot, along with the biomass measurements 
based on dry weights are tabulated in Appendix A. These also show no significant 
differences between treatments (p>0.05). The atrazine concentrations determined 
from water samples by gas chromatography are tabulated in Appendix C.
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Figure 6: Total chlorophyll and chlorophyll a:b ratio values from the summer 
simulated groundwater exposure experiment Total chlorophyll 
concentrations are reported in mg chlorophyll/dm^ of leaf tissue. Mean 
measured atrazine concentrations are reported on the x-axis. Similar 
letters in the bars indicate that no significant differences (p>0.05) were 
detected among treatments.
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Figure 7: Above ground to below ground biomass ratios based on dry weights from 
the summer simulated groundwater exposure experiment Mean measured 
atrazine concentrations are reported on the x-axis. Similar letters in the 
bars indicate that no significant differences (p>0.05) were detected among 
treatments.
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Fall Experiment
The effects of atrazine in simulated submarine groundwater discharge on 
eelgrass chlorophyll content and on the chlorophyll a to chlorophyll b ratios in the 
fall experiment are shown in Figures 8 and 9. Mean atrazine concentrations as 
measured by G.C. analysis of water samples are shown on the x-axis. Total 
chlorophyll from 2cm leaf tips of the second youngest leaves is reported on a per area 
basis. After 20 days, there is a significant difference in the total chlorophyll 
measurements (p = 0.007). The results of the Scheffe F-test show that the control is 
significantly different from all other treatments, excepting the 0.17mg/L treatment 
This difference is not detected after 40 days (p = 0.22). No significant differences 
are seen between treatments or between sampling dates in the chlorophyll ratio data 
(P20 = 15, P40 = 0.12). The specific biomass ratios of both the leaves and the
root-rhizomes after 20 and 40 days of treatment, as calculated from dry weights, are 
depicted in Figures 10 and 11 respectively. The specific biomass ratio is determined 
by dividing new biomass by old biomass and is therefore a dimensionless value. No 
significant differences were seen in the biomass ratios of leaves at either the 20 or 40 
day sampling periods (P20 = 0.37, P4Q = 0.11). A significant difference in the root- 
rhizome specific biomass ratio was seen at the 20 day sampling (p = 0.01), with the 
0.17 mg/L treatment being significantly different from the 0.08 mg/L treatment All 
other treatments were statistically the same. A significant difference in root-rhizome 
specific biomass was also seen at the 40 day sampling (p = 0.011), with the 2.46 
mg/L treatment being significantly different from the 0.08 mg/L treatment. Root- 
rhizome specific biomass values for the other treatments were statistically 
indistinguishable. Similar results are obtained when biomass ratios are calculated 
using ash and ash free dry weights. Substantial leaf growth occurred between
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Figure 8: Total chlorophyll concentrations from the 20 and 40 day samples from the 
fall simulated groundwater exposure experiment. Total chlorophyll 
concentrations are repealed in mg chlorophyll/dm^. Mean measured 
atrazine concentrations are reported on the x-axis. Letters in the bars 
indicate significant differences (p>0.05) among treatments.
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Figure 9: Chlorophyll a b  ratios from the 20 and 40 day samples from the summer 
simulated groundwater exposure experiment. Mean measured atrazine 
concentrations are reported on the x-axis. Similar letters in the bars 
indicate that no significant differences (p>0.05) were detected among 
treatments.
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Figure 10: Leaf and root-rhizome specific biomass ratios based on dry weights for 
the 20 day samples from the summer simulated groundwater exposure 
experiment Specific biomass is calculated by dividing new biomass by 
old biomass and is a dimensionless value. Mean measured atrazine 
concentrations are reported on the x-axis. Capital letters are placed at the 
tops of the bars to indicate significant differences (p>0.05) in leaf specific 
biomass, and lower-case letters are placed at the bottoms of the bars to 
indicate significant differences (p>0.05) in root-rhizome specific biomass.
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Figure 11: Leaf and root-rhizome specific biomass ratios based on dry weights for 
the 40 day samples from the summer simulated groundwater exposure 
experiment Mean measured atrazine concentrations are reported on the x- 
axis. Capital letters are placed at the tops of the bars to indicate significant 
differences (p>0,05) in leaf specific biomass and lower-case letters are 
placed at the bottoms of the bars to indicate significant differences 
(p>0.05) in root-rhizome specific biomass.
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sampling periods as indicated by the increase of the leaf specific biomass ratios 
shown if Figures 10 and 11, and can be calculated by dividing the specific biomass 
ratio by the number of days of the experiment. No apparent root-rhizome growth 
occurred between the same sampling periods. Shoot, leaf and rhizome counts from 
the 20 and 40 day samples are presented in table form in Appendix B and show no 
significant differences between treatments (p>0.05). Atrazine concentrations 
determined by gas chromatographic analysis of water samples drawn from the 
treatment reservoirs are reported in Appendix C.
Static Root-Rhizome Exposure Experiments
The results from the first static root-rhizome exposure experiment are reported 
in Table 1. Values listed are pooled means with no measurable variance, as all 
samples from each treatment group were weighed together. No meaningful statistics 
could be run on this data, however, it suggests that there was little to no treatment 
effect, even at the highest dosing levels (9.1 and 19.6 mg atrazine/L).
Plants from the second static root-rhizome exposure experiment were analyzed 
individually, and treatment means were calculated. Specific biomass ratios were 
determined for leaves and root-rhizomes and are presented in Figure 12. The mean 
atrazine concentrations are reported on the x-axis. No significant differences are seen 
between treatment groups in either leaf (p = 1.56) or root-rhizome (p = 0.58) specific 
biomass ratios. Measured atrazine concentration values are tabulated in Appendix C.
Static Whole Plant Exposure Experiment
Results from the whole plant exposure experiment are reported in Figures 13 
and 14 with mean actual treatment concentrations reported on the x-axis. Specific 
biomass ratios of leaves and root-rhizomes are shown in Figure 13. Plants treated
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Figure 12: Leaf and root-rhizome specific biomass ratios from the second, static 
root-rhizome exposure experiment Mean measured atrazine 
concentrations are reported on the x-axis. Capital letters are placed at the 
tops of the bars to indicate significant differences (p>0.05) in leaf specific 
biomass and lower-case letters are placed at the bottoms of the bars to 
indicate significant differences (p>0.05) in root-rhizome specific biomass.
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Figure 13: Leaf and root-rhizome specific biomass ratios from the whole plant
exposure experiment. Mean measured atrazine concentrations are reported 
on the x-axis. Capital letters are placed at the tops of the bars to indicate 
significant differences (p>0.05) in leaf specific biomass and lower-case 
letters are placed at the bottoms of the bars to indicate significant 
differences (p>0.05) in root-rhizome specific biomass.
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Figure 14: Leaf and root-rhizome old biomass dry weights from the whole plant
exposure experiment. Mean measured atrazine concentrations are reported 
on the x-axis. Capital letters are placed at the tops of the bars to indicate 
significant differences (p>0.05) among treatments and lower-case letters 
are placed at the bottoms of the bars to indicate significant differences 
(p>0.05) among treatments.
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with atrazine concentrations of 1.9mg atrazine/L and above had no new growth, and 
thus the specific biomass ratios for these treatments are zero. These ratios are 
significantly different from the positive biomass ratios of the lower concentration and 
control treatments (pjeaf = 0.0001 and Pj._r = 0.0002). The old biomass dry weights 
for the leaves and root-rhizomes are shown in Figure 14. There are significant 
differences between treatments in old leaf dry weights (p = 0.0001). The results of 
the Scheffe F-test indicate that the controls and the two lowest treatment levels (>0.05 
and 0.08 mg/L) are statistically the same. The three highest treatment levels (1.9,9.8 
and 15.6 mg/L) are statistically indistinguishable from each other. The response of 
these two groups, however, is significantly different, with a reduction in old leaf dry 
weight in the higher treatment levels. There is also a significant difference in the old 
biomass dry weights of the root-rhizome systems (p = 0.001). The results of the 
Scheffe F-test indicate that the root-rhizome old growth dry weight of the MeOH 
control is significantly different from that of the 0.05mg/L treatment and all other 
treatments are statistically the same.
Solute Delivery Experiments
The results from the first pumping experiment are recorded in Table C3 of 
Appendix C. Samples were analyzed by gas chromatography. Water samples 
collected from the pump tubing at the end of the summer experiment indicate that 
atrazine concentrations reaching the pots were consistent with the measured 
concentrations in the treatment reservoirs. Water samples collected from the 
overflow of the three pots indicate that the treatment solutions were being transported 
through the sediments and across the sediment water interface without appreciable 
change in atrazine concentration.
The results of the second solute delivery experiment are shown in Table C4 of
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Appendix C. Water samples from this experiment were analyzed 
spectrophotometrically and the results indicate that atrazine was being transported 
through the sediments and across the sediment water interface at full dosing 
concentrations within 12 hours of the start of the experiment Atrazine concentrations 
remained nearly constant throughout the 48 hour experiment and demonstrated that 
the atrazine was present in solution, with negligible loss as a result of sorption to 
organic particles trapped on the filter.
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DI SCUSSI ON
Total chlorophyll levels and pigment ratios observed in the summer experiment 
show no significant differences among treatments and are consistent with literature 
values for this species, with reported total chlorophyll concentrations ranging from 2- 
5mg chlorophyll/dm^, and pigment ratios of between 2.0 and 2.7 (Evans et al. 1986, 
Dennison and Alberte 1986). The total chlorophyll content of the 20 day samples 
from the fall experiment are also consistent with the literature values for this species, 
except for the control. In these samples, a significant difference was observed 
between the control and the 0.17mg atrazine/L treatment All of the atrazine 
treatments had statistically similar total chlorophyll concentrations. There were no 
significant differences in the chlorophyll a to chlorophyll b ratios. The significant 
difference in total chlorophyll was not observed in the 40 day samples, and again, no 
differences between treatments were observed in the chlorophyll ratios. This 
suggests that the difference observed between the control and the atrazine treatments 
in the 20 day samples is an artifact unrelated to atrazine exposure, possibly the result 
of incomplete grinding of the leaf tissue from the control sample. The fact that this 
difference was not observed in the 40 day samples further supports this. All 
treatments from the 40 day samples showed chlorophyll levels elevated well above 
the average values reported in the literature. This may have been the result of the 
placement of a shade cloth over the tank after the first week of the experiment in order 
to reduce epiphyte growth on the plants during the experiment Eel grass leaves are 
reported to have elevated total chlorophyll concentrations when grown in low light 
conditions (Evans et al. 1986, Dennison and Alberte 1986). Pigment ratios did not 
change significantly between the 20 and 40 day samples and are consistent with the 
values reported in the literature.
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Measurements of leaf chlorophyll content and of the ratios between 
photosynthetic pigment concentrations have been used to gauge plant health and to 
examine plant responses to variations in environmental conditions (Dennison 1990c). 
The chlorophyll content and chlorophyll a to chlorophyll b ratios in the leaves of 
Zostera marina, and other aquatic macrophytes, have been shown to vary with solar 
irradiance levels (Barko and Filbin 1983, Evans et al. 1986, Dennison and Alberte 
1986). Under low light conditions, total chlorophyll levels increase, while the 
chlorophyll a b  ratio decreases due to an increase in the relative concentration of 
chlorophyll b (Dennison and Alberte 1986). This increase in total leaf chlorophyll 
and shift in pigment ratios is a response to reduced photosynthesis due to the low 
light conditions that works to increase the plant's light harvesting abilities (Barko and 
Filbin 1983, Evans et al. 1986, Dennison and Alberte 1986).
The response of many species of terrestrial plants to low levels of atrazine is 
similar to the response of SAV to reduced light levels, with increases in total leaf 
chlorophyll and shifts in pigment ratios (Ashton and Crafts 1973). These changes 
may also be general reactions to reductions in photosynthesis which, in these 
experiments are due to photosynthetic inhibition caused by the herbicide. Therefore, 
it was predicted that eelgrass exposed to low levels of atrazine in simulated 
groundwater might exhibit increased total chlorophyll levels and decreased 
chlorophyll a to chlorophyll b ratios. It was also predicted that the responses of 
eelgrass plants exposed to higher levels of atrazine in simulated groundwater would 
follow those of terrestrial plants, showing no effect on leaf pigmentation at the 
intermediate doses and chlorosis, or loss of pigmentation at the highest doses.
The chlorophyll responses measured in the simulated groundwater dosing 
experiments did not support these predictions. There were no significant differences 
between treatment levels in either total chlorophyll content or in the pigment ratios 
observed during the summer experiment No meaningfully significant differences in
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total chlorophyll or pigment ratios were observed in either the 20 or 40 day samples 
from the fall experiment
The results of the two simulated groundwater exposure experiments suggest 
that atrazine in submarine groundwater discharge ranging in concentration from 0.08- 
2.46mg/L has no effect on the total chlorophyll content or the chlorophyll a to 
chlorophyll b ratio of eelgrass. It remains possible that a slight effect on total 
chlorophyll exists, and that this effect was masked by the increased chlorophyll levels 
in the 40 day samples due to the reduced light conditions in the holding tank.
The summer simulated groundwater exposure experiment used simplistic 
measurements of plant biomass in the expectation that large reductions in plant 
biomass and mortality would occur, at least in the highest treatment level. No such 
results were observed. There were no significant differences in the leaf/root-rhizome 
biomass ratios between treatments. The average total biomass per pot was reduced 
from the start of the experiment for all treatments, including the control. This was 
most likely a result of high water temperatures in the holding tank, but may have 
masked any sublethal atrazine effects.
In the fall simulated groundwater exposure experiment, leaf and root-rhizome 
specific biomass ratios were determined. These provided a more sensitive indicator 
of potential plant biomass response to the atrazine treatments. No significant 
differences between treatments were detected in the leaf specific biomass at the 20 day 
sampling period. A significant difference in root-rhizome specific biomass was 
detected, with the 0.08mg/L treatment significantly higher than the 0.17mg/L 
treatment, all other treatments were statistically similar and indistinguishable from 
these treatments. Leaf specific biomass after 40 days also showed no significant 
differences between treatments. Again, there was a significant difference in root- 
rhizome specific biomass, this time between the 0.08mg/L treatment and the
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2.46mg/L treatment
The leaf specific biomass ratio at the 40 day sampling period was significantly 
higher than that of the 20 day sampling period. This indicates that there was 
significant leaf growth between the two sampling periods. There was, however, no 
difference in root-rhizome specific biomass ratios between sampling periods, 
suggesting that little or no root-rhizome growth occurred between sampling dates. 
Since there was no significant root-rhizome growth between sampling periods the 
difference observed between the 0.08 mg/L treatment and the 2.46 mg/L treatment 
was probably not due to varying atrazine response between these treatments. This is 
further supported by the fact that all other treatments were statistically similar to these 
two treatments. The difference observed was most likely the result of variations in 
original plant size or in recovery of root-rhizome material from the sediments. 
Although great care was taken to remove the root-rhizome systems of each plant from 
the sediments in the dosing pots intact, there was some loss of root material during 
this process. Breakage and loss of root-rhizome tissue during removal from the pots, 
along with initial variation in individual plant size was also most likely the cause of 
the variation in the root-rhizome specific biomass ratios observed in the 20 day 
samples.
The responses of S AV production and growth to leaf and whole plant exposure 
to atrazine have been examined by a number of researchers. Correll and Wu (1982) 
examined the effects of atrazine concentrations of 75 and 650ug/L on the oxygen 
production of Potamogeton pectinatus, Vallisneria americana, Zannichellia 
palustris, and Zostera marina. All four species exhibited significantly reduced 
oxygen production at 650jug atrazine/L. The oxygen production of V. americana and 
Z. palustris where also negatively impacted by 75pg/L, while P. pectinatus and Z. 
marina exhibited increased oxygen production at this lower dosing level. Jones and
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Winchell (1984) examined the effects of atrazine in concentrations ranging from 
lOpg/L to 1.5mg/L on the oxygen production of Z. palustris, P. perfoliatus,
Ruppia maritima and M yriophyllum spicatum  in 2 hour incubations. All four 
species showed significantly reduced oxygen production at atrazine concentrations of 
50pg/L and higher, with approximately a 90% reduction in oxygen production at 
1.5 mg/L. Delistraty and Hershner (1983) examined the effects of atrazine 
concentrations of 10 and lOOpg/L on the oxygen production and adenine nucleotide 
concentrations of Z. marina. Significant reductions in oxygen production were 
observed over a 6 hour period at lOOpg/L, but not at lOpg/L. Concentrations of 
ATP, ADP, AMP and AT were significantly reduced in comparison to the control at 
both dosing levels.
Oxygen is an end-product of photosynthesis, and measurements of oxygen 
production correspond to photosynthesis and plant production. Changes in 
production rates will, over the long-term, effect plant growth and survival. 
Measurements of adenine nucleotides also correspond to plant photosynthetic 
production and provide information regarding plant metabolic response to treatments. 
Short-term dosing studies are valuable in providing data regarding plant response to 
various treatments, but can not produce accurate or reliable information on the long­
term plant responses of growth or survival, because other factors, such as plant 
respiratory response and potential acclimation to the stressor may also effect long­
term plant responses.
Results from a long-term (47 day) atrazine exposure experiment monitoring the 
growth of V. americana reported that plants dosed with 1060 and 120 pg/L 
experienced 100% mortality within 30 days, 50% mortality was observed in 12pg/L 
treatments after 47 days of exposure, and the growth rates of plants exposed to 
1.3pg/L were indistinguishable from those of the control plants (Correll and Wu 
1982). Other studies examining the effects of atrazine on V. americana have
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reported similar results (Cohn 1985, Forney and Davis 1981). Delistraty and 
Hershner (1983) observed the effects of atrazine in the water column on eelgrass 
growth over a 21 day period Treatments of 100 and lOpg/L significantly inhibited 
growth, while apparent stimulation of growth occurred at a dosing concentration of 
lpg/L. Similar studies conducted with other species have reported comparable 
results (Cunningham et al. 1984, Jones et al. 1986).
The results of these long-term growth studies and short-term photosynthetic 
response studies indicate that eelgrass is not resistant to whole plant exposure to 
atrazine. They further suggest that eelgrass responds to atrazine in a manner similar 
to that of many other species of submerged maciophytes. It was, therefore, 
hypothesized that eelgrass plants exposed to a similar range of concentrations of 
atrazine in submarine groundwater discharge would also respond with reduced 
growth rates and mortality. Atrazine concentrations necessary to reduce growth and 
cause mortality were hypothesized to be at or above the levels reported in the literature 
because of the reduced rates of atrazine uptake of the root-rhizome systems as 
compared to the leaves (Funderburk and Lawrence 1963, Fomey and Davis 1981). 
The effects of the rates of translocation of atrazine from the root-rhizomes to the 
photosynthetic centers in the leaves on plant response may also cause an increase in 
atrazine concentrations necessary to reduce plant production (Ashton and Crafts 
1973, Negi et al. 1964). The results of the two simulated groundwater dosing 
experiments do not, however, support these hypotheses.
The results of the solute delivery tests confirm that atrazine was being 
transported through the sediments and across the sediment water interface without 
significant changes from initial concentration. Spectrophotometric analysis of the 
filtered samples from the second solute delivery experiment indicate that the atrazine 
reached a steady state condition in the sediments, suggesting complete breakthrough
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from the pots, within 12 hours of the start of pumping. These results further indicate 
that atrazine was being transported across the sediment water interface in solution, 
and was not appreciably sorbed to mobile particulate matter. This suggests that the 
atrazine concentrations measured from the treatment reservoirs were statistically 
similar to the concentrations of bioavailable atrazine present in the exposure pots 
during the exposure experiments.
In the summer simulated groundwater exposure experiment, the mean measured 
atrazine concentration for the highest treatment level was 2.56mg/L. This is 
significantly higher than the photosynthetic I5Q values (atrazine concentration 
necessary to reduce photosynthesis by 50%) ranging from 50-150pg/L that have been 
reported in the literature for SAV (Forney and Davis 1981, Correll and Wu 1982, 
Cunningham et al. 1984, Delistraty and Hershner 1984, Jones and Estes 1984, Jones 
and Winchell 1984, Jones et al. 1986). It is also more than double the concentration 
of 1060jug/L that was reported to cause 100% mortality in whole plant dosing of V. 
americana within 30 days (Correll and Wu 1982), and an order of magnitude greater 
than the concentrations of 10-lOOpg/L reported to reduce growth rates in Z  marina 
(Delistraty and Hershner 1984). The results from the fall simulated groundwater 
exposure experiment were similar to those of the summer experiment, with a mean 
measured atrazine concentration for the highest treatment level in the fall of 2.46 
mg/L. Since statistical differences were not detected between treatments in either 
plant survival or biomass response, it appears that atrazine in submarine groundwater 
discharge in concentrations up to 2.5pg/L has no effect on eelgrass growth or 
survival.
A plant's susceptibility to atrazine is related to the rates of uptake, translocation 
and accumulation of atrazine in photosynthetic centers (Negi et al. 1964, Ashton and 
Crafts 1973). Uptake of atrazine by the root-rhizome systems of SAV has been
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reported in the literature. The uptake rates reported are concentration dependent, but 
are reduced in comparison to the uptake rates of leaves (Jones et al. 1986,
Funderburk and Lawrence 1963). Because SAV live in an aquatic environment with 
their leaves surrounded by water, their vascular systems are reduced in comparison 
with those of terrestrial plants. Since SAV leaves can absorb the water necessary for 
photosynthesis directly, there is no real transpirational stream flowing from the roots 
to the leaves as is seen in terrestrial plants. This reduces the rates of transport of 
compounds from the the root-rhizomes to the leaves.
The combination of the reduced rate of root-rhizome uptake of atrazine relative 
to leaf uptake, and the simplified vascular systems of SAV may affect the 
susceptibility of SAV to atrazine through root-rhizome dosing. It is possible that 
atrazine concentrations that inhibit growth or kill plants through leaf dosing are 
insufficient to affect plant photosynthesis or production when only the root-rhizome 
systems are exposed. For this reason, significantly higher atrazine doses were used 
in the static root-rhizome exposure experiments. The static experiments were also 
designed to detect possible complications in dosing through reactions between 
atrazine and sediments or sediment microbes, because sediment was not present in 
these experiments.
In the static root-rhizome exposure experiments, atrazine solutions were 
prepared in deionized water and Instant Ocean, and the concentrations were increased 
over those of the simulated groundwater exposure experiment In the first static 
experiment the mean measured atrazine concentration from the highest treatment level 
was 19.6 mg/L. This treatment represents a solution at over 80% saturation of 
atrazine in water, and more concentrated solutions could not be produced. Although 
no statistics could be run on the data from this experiment, it is important to note that 
all plants survived and measurable growth was produced in all treatment levels, 
including the highest In the second static root-rhizome exposure experiment, fewer
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treatments were prepared and the mean measured atrazine concentration from the 
highest treatment level was 7.61 mg/L. Again, there was no plant mortality and 
measurable, statistically similar growth occurred in all treatments.
Since these plants were so insensitive to root-rhizome exposure, a whole plant 
exposure experiment was run to confirm the literature data as to the susceptibility of 
eelgrass to atrazine and to test the validity of the measurements used in the root- 
rhizome exposure experiments. The results of this experiment agree with those 
reported in the literature, with growth inhibition and mortality occurring in atrazine 
treatments of 1.9mg/l and higher. Neither mortality nor significant differences in 
plant biomass response were observed in treatments of 0.08mg/L or less.
These results suggest that eelgrass is only susceptible to atrazine through leaf 
exposure. This may be due to the low atrazine uptake rates of the root-rhizome 
systems of SAV in comparison to leaf uptake. The extremely high dosing 
concentrations used in the static experiment suggest, however, that other factors also 
exist which contribute to the resistance of eelgrass to atrazine through root-rhizome 
exposure. One of these factors may be the simplified vascular system of eelgrass. 
Atrazine may not be readily translocated from the root-rhizomes to the leaves and 
therefore would not reach the chloroplasts in concentrations high enough to impact 
photosynthetic production.
Another possible explanation for the ability of eelgrass to survive root-rhizome 
exposure to high concentrations of atrazine evidenced by these experiments is the 
potential existence of one or more atrazine detoxification systems in eelgrass. 
Benzoxazinone catalysed hydroxylation of atrazine to nonphytotoxic hydroxyatrazine 
occurs primarily in the roots of resistant and marginally resistant plants (Shimabukuro 
et al. 1970). It is possible that the root-rhizome systems of eelgrass contain sufficient 
quantities of benzoxazinone to detoxify atrazine as it is absorbed by the roots, but not
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by the leaves. This would explain the susceptibility of eelgrass to leaf exposure to 
atrazine. Other detoxification mechanisms may also explain the partial resistance of 
eelgrass to atrazine. N-Dealkylation of atrazine at either the ethylamine or 
isopropylamine side chain may occur throughout the plants, producing deethylated 
and deisopropylated atrazine respectively. These compounds are considerably less 
phytotoxic then their parent compound (Jones and Winchell 1984) and can be further 
oxdized to produce nonphytotoxic endproducts (Shimabukuro 1967). Although these 
potential detoxification reactions may not be capable of protecting eelgrass shoots 
from leaf exposure to atrazine, with rapid uptake and translocation to the chloroplasts, 
they may be able to keep pace with the reduced uptake rates of root-rhizome systems 
and the potentially low rates of translocation to the chloroplasts.
A combination of these various detoxification systems, along with potentially 
slow rates of uptake and translocation of atrazine by the root-rhizome systems of 
eelgrass may also work to explain the resistance of eelgrass to atrazine through root- 
rhizome exposure. Further studies are needed to examine the means for this partial 
resistance. Such studies could include the use of radiolabled atrazine to accurately 
determine rates of uptake and translocation. Biochemical assays of eelgrass tissues 
could also be performed to determine if benzoxazinone occurs in the root-rhizome 
systems of eelgrass, and to look for the endproducts of the various atrazine 
detoxification reactions.
In any event, the results of this study strongly indicate that atrazine in 
submarine groundwater discharge was not a factor contributing to the decline of 
eelgrass which occurred in the Chesapeake Bay during the 1970s.
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CO N C LU SIO N S
Analysis of water samples from the two solute delivery experiments confirm 
that the dosing system used in the groundwater simulation experiments worked as 
designed, pumping atrazine solutions through the sediments and across the sediment 
water interface without substantial loss of atrazine from the system. This 
information, in conjunction with the results from the summer and fall simulated 
groundwater dosing experiments indicate that root-rhizome exposure of eelgrass to 
atrazine concentrations up to 2.5mg/L, over a 40 day period, has no effect on eelgrass 
leaf total chlorophyll content or chlorophyll ab  ratio. Above ground to below 
ground biomass ratios from the summer experiment and specific biomass ratios of 
leaf and root-rhizome tissues from the fall experiment indicate that root-rhizome 
exposure of eelgrass to atrazine in concentrations up to 2.5mg/L, over a 40 day 
period, has no effect on eelgrass growth or survival. In addition, results from the 
static root-rhizome dosing experiment indicate that 15 day exposures of eelgrass root- 
rhizome systems to atrazine concentrations up to 7.6mg/L has no significant effect on 
eelgrass growth or survival.
The results of the static, whole plant exposure experiment indicate that eelgrass 
is susceptible to atrazine through leaf exposure to doses of 1.9mg/L and above, over 
a 10 day period. This is consistent with data reported in the literature for eelgrass and 
several other species of submerged macrophytes.
The combined results of all of the experiments conducted in this study suggest 
that contamination of groundwater with atrazine most likely was not a factor 
contributing to the decline in eelgrass abundance and distribution observed in the 
Chesapeake Bay during the 1970s.
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SUGGESTIONS FOR FUTURE RESEARCH
The experimental results and conclusions from this project raise several 
questions which require further study, the major question being, why is eelgrass 
susceptible to atrazine through whole plant exposure, but not through root-rhizome 
exposure? There are severed possible explanations, which could be tested 
experimentally. First, it is the possible that the root-rhizome systems of eelgrass do 
not take up atrazine in concentrations sufficient to affect plant growth or survival.
The second is that atrazine is not translocated from the root-rhizome systems to the 
photosynthetic centers in eelgrass leaves in concentrations sufficient to affect plant 
growth or survival. Both of these possibilities could be examined through the use of 
radiolabelled atrazine in an uptake and translocation study. The split chamber design 
used in the static root-rhizome dosing experiments from this project could be 
employed in such a study. A large range of atrazine concentrations, similar to those 
from the static dosing experiments reported here, should be used to determine uptake 
and translocation at low, intermediate and high concentrations.
A third possible explanation for the resistance of eelgrass to atrazine by root- 
rhizome exposure exists if uptake and translocation of atrazine by the root-rhizome 
systems to the leaves is observed This involves the potential existence of atrazine 
detoxification mechanisms in the root-rhizome systems or the leaves of eelgrass. 
Biochemical analysis of plant tissues would be necessary to determine this. Assays 
of plant tissue should begin with the root-rhizome systems, and should establish 
whether benzoxazinone is present. Assays of all plant tissues should be performed to 
detect the presence or absence of atrazine degradation products from N-dealkylation 
reactions. Glutathione conjugation most likely does not occur in eelgrass, as the 
plants are susceptible to leaf exposure, and therefore assays for the GS-atrazine
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complex and other glutathione conjugation degradation products are of secondary 
importance.
It remains possible that a combination of these factors, uptake rates, 
translocation rates and detoxification mechanisms, is responsible for the resistance of 
eelgrass to root-rhizome atrazine exposure. Only through experimental examination 
of all of these factors can the actual mechanism for resistance be determined.
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Appendix A
Tabulated data and ANOVA results from counts of the numbers of plants per 
pot, leaves per plant and rhizome segments per plant, as well as leaf and root- 
rhizome dry weight biomass data from the summer simulated groundwater 
exposure experiment.
Table A l. Comparative statistics and ANOVA table for counts of the numbers of
plants per pot from the summer simulated groundwater exposure
experiment.
One Factor ANOVA X-j : Treatm ent Level : # p ia n t s / p o t
Grouo: Count: Mean: Std. Dev.: Std. Error:
0 .0 4 8 . 2 5 . 9 5 7 . 4 7 9
0 . 0 2 3 9 1 . 5 7 7
0 . 0 6 4 7 . 7 5 . 9 5 7 . 4 7 9
0.1 9 3 9 1 . 7 3 2 1
2 . 5 6 4 8 . 7 5 1 . 2 5 8 . 6 2 9
One Factor ANOVA Xi : Treatm ent Level Y-j : # p la n t s / p o t
Analysis of Variance Table
S o u rce : DF: Sum  Saua re s : Mean Sauare : F - t e s t :
Between groups 4 4 . 2 5 1 . 0 6 2 . 7 5 7
Within groups 1 3 1 8 . 2 5 1 . 4 0 4 p = .5713
Total 1 7 2 2 . 5
Model II estimate of between component  variance = - . 0 9  5
A -  1
Table A2. Comparative statistics and ANOVA table for counts of the numbers of
leaves per plant from the summer simulated groundwater exposure
experiment.
One Factor ANOVA Xj : T reatm ent Level Y2 : A v g . # l e a v e s / p l a n t
G c o u d :  Count: Mean: Std. Dev.: S t d .  Error:
0 . 0 4 3.1 . 2 1 6 .1 08
0 . 0 2 3 2 . 8 6 7 .351 . 2 0 3
0 . 0 6 4 2 . 9 5 . 2 3 8 . 1 1 9
0.1 9 3 2 . 9 .3 . 1 7 3
2 . 5 6 4 3 . 0 5 . 0 5 8 . 0 2 9
One Factor ANOVA X^  : T reatm ent Level Y2 : A v g . # l e a v e s / p l a n t
Analysis of Variance Table
S o u rc e : DF: Sum  Souares : Mean Sauare: F - t e s t :
Between grouDS 4 . 1 3 8 . 0 3 5 . 6 0 2
Within groups 1 3 . 7 4 7 . 0 5 7 p = .6679
Total 1 7 . 8 8 5
Model II estimate of between component  variance = - . 0 0 6
A-  2
Table A3. Comparative statistics and ANOVA table for counts of the numbers of
rhizome segments per plant from the summer simulated groundwater
exposure experiment.
One Factor ANOVA X^  : Treatment Level Y3 : A v g .#  R h iz o m e s /p la n t
Grouo:_____________ Count:_____________ Mean:__________  Std. Dev.:  Std. Error:
0 . 0 4 7 . 2 7 5 . 3 3 . 1 6 5
0 . 0 2 3 7 . 0 6 7 . 1 5 3 . 0 8 8
0 . 0 6 4 7 . 1 2 5 . 3 3 .1 6 5
0 . 1 9 3 6 . 9 6 7 . 3 0 6 .1 7 6
2 . 5 6 4 6 . 7 . 3 5 6 . 1 7 8
One Factor ANOVA Xj : Treatment Level Y3 : A v g .#  R h iz o m e s /p la n t
Analysis of Variance Table
S o u rce : DF: Sum Souares : Mean Sauare: F - t e s t :
Between groups 4 . 7 2 8 . 1 8 2 1 .865
Within groups 1 3 1 . 2 6 8 . 0 9 8 p = .1768
Total 1 7 1 . 9 9 6
Model II est imate of between component  variance = . 0 2 4
A-  3
Table A4. Comparative statistics and ANOVA table for leaf dry weight data from
the summer simulated groundwater exposure experiment.
One Factor ANOVA X-j : Treatment Level Y-| : Leaf dry w e igh t
Group:  Count:  Mean:  Std. Dev.:__________ Std.  Error:
1 .00 4 .318 . 0 5 8 . 0 2 9
0 . 1 0 3 . 2 8 2 .0 3 5 .0 2
0 . 0 5 4 . 2 4 3 . 0 5 3 .0 2 6
0.01 3 .31 1 .1 32 .0 7 6
0 . 0 0 4 .281 .0 2 .01
One Factor ANOVA X-| : Treatment Level Yi : Leaf dry w e igh t
Analysis of Variance Table
So u rce : DF: Sum Sauar es : Mean Square: F - t e s t :
Between grouos 4 . 0 1 4 . 0 0 3 .7 79
Within groups 1 3 . 0 5 7 . 0 0 4 p = .5582
Total 1 7 .071
Model II estimate of between component  variance = - 2 . 7 0 3 E - 4
A - 4
Table A5. Comparative statistics and ANOVA table for root-rhizome dry weight
data from the summer simulated groundwater exposure experiment.
One Factor ANOVA X-j : Treatment Level Y2 : rh izom e dry w e igh t
Grouo: Count: Mean: Std. Dev.: Std. Error:
1 . 0 0 4 . 2 7 2 . 0 7 2 .0 3 6
0 . 1 0 3 . 2 3 4 . 0 3 4 .0 2
0 . 0 5 4 . 2 0 5 .0 4 5 . 0 2 3
0.01 3 . 2 8 7 . 0 7 8 . 0 4 5
0 . 0 0 4 .251 . 0 3 4 . 0 1 7
One Factor ANOVA X-j : T reatm ent Level Y2 : rh izom e dry w e igh t
Analysis of Variance Table
S o u rce : DF: Sum Sauar es : Mean Square: F - t e s t :
Between groups 4 . 0 1 5 . 0 0 4 1 . 2 1 7
Within groups 1 3 . 0 4 . 0 0 3 p = .3506
Total 1 7 . 0 5 5
Model II estimate of between component  var iance = 1 . 8 5 5 E - 4
A - 5
A ppendix B
Tabulated data and ANOVA results from counts of the numbers of plants per 
pot, leaves per plant and rhizome segments per plant from the fall simulated 
groundwater exposure experiment.
Table B1. Comparative statistics and ANOVA table for plant counts from the fall simulated
groundwater exposure experiment, Day 20.
One Factor ANOVA Xi : Treatment Yi : # p la n ts /p o t  day 20
Group:______________Count:______________Mean:______________ Std. Dev.:__________ Std. Error:
0 .0 3 9 . 6 6 7 . 5 7 7 . 3 3 3
0 .0 8 4 1 0 0 0
0 . 1 8 4 9 .7 5 .5 .25
0 . 1 7 4 1 0 0 0
2 .4 6 4 1 0 0 0
One Factor ANOVA X-| : Treatment Y-| : # p la n ts /p o t  day  20
Analysis of Variance Table
S o u rce : DF: Sum Squares : Mean Square: F - t e s t :
Between groups 4 . 3 7 3 . 0 9 3 .921
Within groups 1 4 1.41 7 .101 p = .4791
T otal 1 8 1 .789
Model II estimate of between component  variance = - .0  02
B - 1
Table B2. Comparative statistics and ANOVA table for counts of the number of
leaves per plant from the fall simulated groundwater exposure
experiment, Day 20.
One Factor ANOVA : Treatment Y2 : A vg . # le a v e s /p la n t  day 20
Group:_____________ Count:______________ Mean:______________ Std. Dev.:__________ Std. Error:
0 . 0 3 4 . 5 6 7 . 6 4 3 .371
0 . 0 8 4 4 . 3 7 5 .171 .085
0 .1 8 4 4 . 4 5 .351 . 1 7 6
0 .1 7 4 4 . 5 2 5 .5 8 5 . 2 9 3
2 . 4 6 4 4 . 4 5 . 6 1 4 .3 0 7
One Factor ANOVA X-j : Treatment Y2 : A vg . # le a v e s /p la n t  day 20
Analysis of Variance Table
S ou rce : DF: Sum Squares: Mean Square: F - t e s t :
Between groups 4 . 0 7 9 .0 2 .081
Within groups 1 4 3 . 4 4 2 .2 4 6 p = .987
T otal 1 8 3.521
Model II estimate of between component  variance = - .0 6
B - 2
Table B3. Comparative statistics and ANOVA table for counts of the numbers of
rhizome segments per plant from the fall simulated groundwater
exposure experiment, Day 20.
One Factor ANOVA X-| : Treatment Y3 : A v g .# R h iz o m e s /p la n t  Day 20
Group:______________Count:______________ Mean:______________ Std. Dev.:__________ Std.  Error:
0 . 0 3 9 .3 . 1 7 3
0 . 0 8 4 8 . 9 7 5 . 6 8 5 . 3 4 2
0 . 1 8 4 8 . 5 7 5 . 7 6 3 . 3 8 2
0 . 1 7 4 9 . 4 5 .42 .21
2 . 4 6 4 9 . 3 . 4 9 7 . 2 4 8
One Factor ANOVA X-| : Treatment Y3 : A v g .# R h iz o m e s /p la n t  Day 20
Analysis of Variance Table
Sou rce : DF: Sum Squares : Mean Square: F - t e s t :
Between groups 4 1 .81 9 . 4 5 5 1 . 3 8 3
Within groups 1 4 4 . 6 0 5 . 3 2 9 p = .29
Total 1 8 6 . 4 2 4
Model II estimate of between component  variance = . 0 3 3
B - 3
Table B4. Comparative statistics and ANOVA table for counts of the numbers of
plants per pot from the fall simulated groundwater exposure
experiment. Day 40.
One Factor ANOVA : Treatment Y4 : # p la n ts /p o t  Day 40
Group:______________Count:______________Mean:______________ Std. Dev.:__________ Std. Error:
0 .0 3 1 0 0 0
0 . 0 8 4 1 0 0 0
0 . 1 8 4 9 . 7 5 .5 .25
0 . 1 7 4 1 0 0 0
2 . 4 6 4 1 0 0 0
One Factor ANOVA : Treatment Y4 : # p la n ts /p o t  Day 40
Analysis of Variance Table
Source : DF: Sum Squares : Mean Square: F - t e s t :
Between groups 4 .1 97 . 0 4 9 .921
Within groups 1 4 .75 . 0 5 4 p = .4791
Total 1 8 . 9 4 7
Model II estimate of between component variance = - . 0  01
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Table B5. Comparative statistics and ANOVA table for counts of the numbers of
leaves per plant from the fall simulated groundwater exposure
experiment, Day 40.
One Factor ANOVA X-j : Treatment Y5 : A v g .#  le a v e s /p la n t  Day 40
Group:______________Count:______________Mean:______________ Std. Dev.:__________ Std. Error:
0 .0 3 4 .4 .3 .1 73
0 . 0 8 4 3 . 9 2 5 . 0 9 6 .0 4 8
0 .1 8 4 3.8 . 3 3 7 . 1 6 8
0 .1 7 4 3 . 8 2 5 . 4 1 9 .21
2 . 4 6 4 3 . 6 5 . 7 3 3 .366
One Factor ANOVA : Treatment Y5 : A v g .#  le a v e s /p la n t  Day 40
Analysis of Variance Table
S ourc e : DF: Sum Squares : Mean Square: F - t e s t :
Between groups 4 1 .0 6 4 . 2 6 6 1 .3 8 8
Within groups 1 4 2 . 6 8 5 .1 9 2 p = .2885
Total 1 8 3 . 7 4 9
Model II estimate of between component variance = . 0 2
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Table B6. Comparative statistics and ANOVA table for counts of the numbers of
rhizome segments per plant from the fall simulated groundwater
exposure experiment, Day 40.
One Factor ANOVA : Treatment Y g : A v g .#  R h izom es/p lant Day 40
Group:_____________ Count:______________Mean:______________ Std. Dev.:__________ Std. Error:
0 .0 3 7 . 4 6 7 . 1 5 3 . 0 8 8
0 . 0 8 4 7 . 7 7 5 .45 . 2 2 5
0 . 1 8 4 7 . 5 7 5 . 0 9 6 . 0 4 8
0 . 1 7 4 8 .271 .1 35
2 . 4 6 4 7 . 9 2 5 . 4 6 5 . 2 3 2
One Factor ANOVA X-j : Treatment Y g : A vg .#  R h izom es/p lant Day 40
Analysis of Variance Table
S o u rce : DF: Sum Squares: Mean Square: F - t e s t :
Between groups 4 .7 3 5 .1 84 1 .661
Within groups 1 4 1 .5 4 9 . 111 p = .2147
T otal 1 8 2 . 2 8 4
Model II estimate of between component  variance = . 0 1 9
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Appendix C
Atrazine concentrations determined from subsets of water samples collected 
from the exposure and solute delivery experiments.
Table Cl. Measured atrazine concentrations from the summer simulated groundwater
exposure experiment. Water samples were collected from the treatment
reservoirs and analyzed by gas choratography.
Nominal Concentration 
(mg Atrazine/L)
M easured concentration 
(mg Atrazine/L)Sample Name
E x p 15070991 0.0 0.017
E x p 15070791 0.0 0.017
E x p 14070991 0.01 0.025
E x p 14070791 0.01 0.021
E x p 13070991 0.05 0.054
E x p 13070791 0.05 0.067
E x p 12070991 0.1 0.160
E x p 12070791 0.1 0.215
E x p i1070991 1.0 2.550
E x p 11070791 1.0 2.563
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Table C2. Measured atrazine concentrations from the fall simulated groundwater
exposure experiment. Water samples were collected from the treatment
reservoirs and analyzed by gas chromatography.
Nominal Concentration 
(mg Atrazine/L)
M easured Concentration 
(mg Atrazine/L)Sam ple Name
E xp25101291 0.0 0.019
E xp25101491 0.0 0.017
Exp25101691 0.0 0.017
E xp25111391 0.0 0.017
E xp24101291 0.01 0.031
Exp24101491 0.01 0.035
Exp24101691 0.01 0.040
E xp24111391 0.01 0.026
Exp23101291 0.05 0.115
E xp23101491 0.05 0.222
E xp23101691 0.05 0.221
Exp23101691 0.05 0.218
E xp23111391 0.05 0.115
E xp22101291 0.1 0.165
E xp22101491 0.1 0.175
E xp22101691 0.1 0.083
E xp22111391 0.1 0.260
E xp21101291 1.0 2.447
E xp21101491 1.0 2.758
E xp21101691 1.0 3.094
E xp21111391 1.0 1.543
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Table C3. Nominal and measured atrazine concentrations of water samples from the
first solute delivery experiment. Water samples were analyzed by gas
chomatography .
Predicted Concentration 
(mg Atrazine/L)
M easured Concentration 
(mg Atrazine/L)Sample Name
Pore W ater 1 1.0 2.49
Pore W ater 2 1.0 2.84
Pore W ater 3 1.0 2.24
Tube Sample 1 1.0 3.32
Tube Sample 2 0.1 0.1
Tube Sample 3 0.05 0.05
Table C4 . A trazine concentrations determined spectrophotom etrically from filtered 
w ater sam ples collected at 12 hour intervals during the second solute 
delivery experim en t
Atrazine Concentration (mg/L)
P o t# 12hrs. 24hrs. 36hrs. 48hrs.
1 3.17 2.49 2.06 2.20
2 2.75 2.25 1.83 2.25
3 2.25 2.29 1.79 1.19
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Table C5. G.C. and spectrophotometrically determined atrazine concentrations from
a subset of water samples collected from the first static root-rhizome
exposure experiment.
N om inal Cone. G.C. Cone. Spec. Concen.
Sam ple Name (mg Atrazine/L) (mg Atrazine/L) (mg Atrazine/L)
blank 1 0.0 0.000 -0.369
blank2 0.0 0.000 -0.417
blank3 0.0 0.000 -0.329
M eO H l 0.0 0.000 -0.218
M eOH2 0.0 0.000 -0.227
M eOH3 0.0 0.000 -0.320
S92 0.01 0.003 0.037
S94 0.01 0.002 0.053
S97 0.01 0.000 0.006
S81 0.1 0.057 0.067
S87 0.1 0.030 0.036
S89 0.1 0.035 0.002
S72 1.0 0.669 0.674
S78 1.0 0.532 0.540
S61 10.0 7.475 7.944
S64 10.0 7.695 10.72
S69 10.0 2.462 8.662
S53 20.0 6.304 24.56
S56 20.0 1.990 16.32
S57 20.0 13.883 18.88
N OTE: G.C. determined atrazine concentrations from high end sam ples (10-20
mg/L) are low due to loss o f atrazine during N2 Blowdown and  solvent 
exchange.
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Table C6. G.C. and spectrophotometrically determined atrazine concentrations from
a subset of water samples collected from the second static root-rhizome
exposure experiment.
Nominal Cone. G .C. Cone. Spec. Cone.
Sam ple N am e (mg Atrazine/L) (m g A trazine/L) (mg Atrazine/L)
X501 0.0 0.041 -0.147
X503 0.0 0.000 -0.067
X505 0.0 0.000 -0.328
X512 0.1 0.042 0.746
X514 0.1 0.094 0.425
X520 0.1 0.035 0.208
X521 1.0 0.443 0.923
X 524 1.0 0.042 1.167
X525 1.0 0.673 0.674
X532 10.0 8.906 7.91
X533 10.0 7.387 7.61
X536 10.0 6.533 12.66
C-5
Table C7. M easured atrazine concentrations from the static w hole plant exposure 
experiment. W ater sample were collected from the dosing jars, filtered 
and read spectrophotometrically.
N om inal Concentration M easured Concentration
Sample Name (mg Atrazine/L) (mg Atrazine/L)
Blankl 0.0 -0.310
Blank2 0.0 -0.238
Blank3 0.0 -0.033
M eO H l 0.0 -0.098
M eOH2 0.0 -0.054
MeOH3 0.0 -0.099
0.01-1 0.01 .314
0.01-2 0.01 0.329
0.01-3 0.01 -0.046
0.10-1 0.1 -0.046
0.10-2 0.1 0.128
0.10-3 0.1 0.037
1.0-1 1.0 2.193
1.0-2 1.0 2.076
1.0-3 1.0 1.437
10-1 10.0 9.900
10-2 10.0 10.06
10-3 10.0 9.026
20-1 20.0 15.84
20-2 20.0 16.58
20-3 20.0 14.34
C-6
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